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ABSTRACT
Massive stars in binary systems have long been regarded as potential sources of high-energy γ rays.
The emission is principally thought to arise in the region where the stellar winds collide and accelerate
relativistic particles which subsequently emit γ rays. On the basis of a three-dimensional distribution
function of high-energy particles in the wind collision region – as obtained by a numerical hydrodynamics
& particle transport model – we present the computation of the three-dimensional nonthermal photon
emission for a given line of sight. Anisotropic inverse Compton emission is modelled using the target
radiation field of both stars. Photons from relativistic bremsstrahlung and neutral pion decay are computed
on the basis of local wind plasma densities. We also consider photon photon opacity effects due to the
dense radiation fields of the stars. Results are shown for different stellar separations of a given binary
system comprising of a B star and a Wolf–Rayet star. The influence of orbital orientation with respect to
the line of sight is also studied by using different orbital viewing angles. For the chosen electron-proton
injection ratio of 10−2, we present the ensuing photon emission in terms of two-dimensional projections
maps, spectral energy distributions and integrated photon flux values in various energy bands. Here,
we find a transition from hadron-dominated to lepton-dominated high-energy emission with increasing
stellar separations. In addition, we confirm findings from previous analytic modeling that the spectral
energy distribution varies significantly with orbital orientation.
Subject headings: acceleration of particles – binaries: general – gamma rays: stars – hydrodynamics – stars: winds,
outflows
1. INTRODUCTION
The idea that binary systems of massive stars with-
out compact objects provide suitable environments for
efficient particle acceleration and subsequent nonther-
mal emission has been thoroughly discussed in litera-
ture (e.g., Pollock 1987; White & Chen 1994). Elec-
trons and protons are thought to be accelerated at the
shock fronts tracing the region where the stellar winds
collide with supersonic velocities. Analytical models
have predicted that the ensuing population of high-
energy particles is liable to yield considerable emis-
sion of nonthermal radio waves, hard X rays and γ rays
via various emission channels (see e.g.; Eichler &
Usov 1993; Benaglia & Romero 2003; Reimer et al.
2006).
The observational evidence concerning nonther-
mal photon emission from these particle-accelerating
colliding-wind binaries (CBWs) was recently summa-
rized by De Becker & Raucq (2013) who provide a
unified census of these systems. Their list of 43 con-
firmed or suspected binary systems together with their
properties helps to pinpoint some important discrepan-
cies between observations and model predictions, such
as Fermi-LAT limits on the gamma-ray flux towards
WR 140 or WR 147 (see also Werner et al. 2013),
contrasted by the enigmatic properties of the η Cari-
nae binary system. The latter shows a comparably
strong high-energy γ-ray signal that has been found to
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exhibit variability on orbital time scales and a pecu-
liar two-component spectrum (see Fermi Large Area
Telescope observation in Reitberger et al. 2012).
A better understanding of CWB systems can be
obtained by dedicated hydrodynamical (HD) simula-
tions. Studies such as presented in Pittard (2009) have
explored the highly dynamical nature of the WCR
and its strong dependence on stellar and orbital pa-
rameters. The complex density, velocity and tem-
perature structure of the colliding winds have further
been used to model the thermal radio and X-ray emis-
sion in such systems (Pittard 2010; Pittard & Parkin
2010). Using magnetohydrodynamic (MHD) simula-
tions Falceta-Gonc¸alves & Abraham (2012) have re-
cently explored the important role of the magnetic field
in the wind collision region (WCR) of these systems
and its impact on nonthermal radio emission. Focusing
on the properties of a specific binary system, Madura
et al. (2013) used three-dimensional (3D) smoothed
particle hydrodynamics (SPH) to investigate the tur-
bulent WCR structure in η Carinae.
The present study provides simulations of high-
energy nonthermal photon emission of CWBs, based
on 3D distributions of high-energy particles. The latter
has been obtained by combining a 3D HD description
of the WCR with the solution of the transport equation
of high-energy particles.
In Reitberger et al. (2014) (paper I) we presented
a method to numerically compute the spectral energy
distribution (SED) of charged particles within a nu-
merical HD model of the WCR in a binary system of
two massive stars. By solving the transport equation
including spatial convection, diffusion, diffusive shock
acceleration (DSA) and various cooling processes for
electrons and protons at every grid point and time step
of the HD simulation, we derived the time-dependent
3D spatial distribution of particles at different energies.
In this work, we present the resulting nonthermal
photon emission along a given line of sight on the ba-
sis of the previously derived electron and proton spec-
tra. The interactions of high-energy particles with the
stellar radiation fields and the dense wind material in
the WCR give rise to several mechanisms of photon
emission, including anisotropic inverse Compton (IC)
scattering, relativistic bremsstrahlung and neutral pion
decay. We compute the emission throughout the cho-
sen computational domain and present results in terms
of two-dimensional (2D) projection maps, spectral en-
ergy distributions and total integrated photon flux val-
ues.
As not unexpected, the emission is very sensible to
the conditions in the WCR, the position of the stars and
orbital orientation. We present a case study of three
binary systems differing in stellar separation. Non-
thermal high-energy photon emission is computed for
these systems with respect to different lines of sight.
In Section 2 we provide a detailed description of
our calculation of various emission processes, as well
as the application of photon photon opacity effects. We
investigate the ensuing photon emission in Section 3,
first for two stationary stars, then including orbital mo-
tion. Sections 4 and 5 provide a summary of our find-
ings as well as an outlook on future developments.
2. NON-THERMAL HIGH-ENERGY PHOTON
EMISSION
In order to estimate the nonthermal high-energy
photon emission of a CWB system, we consider the
three principal continuum emission processes for en-
ergies E &10 MeV. These are IC scattering of the pho-
tons in the dense stellar radiation field to high energies,
relativistic bremsstrahlung by the interaction of the en-
ergetic electrons with the ions in the wind, and the de-
cay of neutral pions that are produced in hadronic nu-
cleon nucleon collisions.
The computation of all three processes is based on
a 3D distribution of high-energy electrons (IC scatter-
ing, bremsstrahlung) and protons (neutral pion decay)
which we obtain by the method described in paper I.
There, all relevant details concerning the hydrodynam-
ics, the transport equation and the numerical imple-
mentation are provided.
In principle, the distribution of high-energy elec-
trons can also be used to compute nonthermal low-
energy emission such as synchrotron emission. This
is highly relevant in modeling specific binary systems,
where such observations of a nonthermal signal at ra-
dio wavelengths exists (see e.g; Williams et al. 1994,
for the case of WR140). A comparison of measured
and modelled synchrotron emission yields constraints
concerning the magnetic field in conjunction with the
electron injection fraction in the WCR and hence the
level of IC emission. As it is not the aim of the present
study to investigate a specific binary system with fixed
astronomical properties, we restrict ourselves to the
high-energy part of the nonthermal emission spectrum
considering the three emission channels as detailed be-
low.
2
1. Anisotropic IC scattering of high-energy elec-
trons on the photons in the radiation field of both
stars: This process depends on the local energy
density of radiation, the spatial and energetic
distribution of electrons and the scattering an-
gle, being the angle between the line of sight to
the observer and the direction of the incoming
stellar photons. The stars are approximated as
monochromatic point sources. The high-energy
electrons are considered to have an isotropic dis-
tribution function.
2. Relativistic bremsstrahlung of high-energy elec-
trons passing through the wind plasma. This
process depends on the number density of the
wind plasma and the spatial and energetic dis-
tribution of high-energy electrons. We assume a
typical interstellar medium (ISM) metallicity of
90% H, 10% He.
3. The decay of neutral pions produced in colli-
sions of high-energy protons with nucleons of
the wind plasma. This process depends on the
number density of the wind plasma and the spa-
tial and energetic distribution of high-energy
protons.
We compute the above nonthermal emission com-
ponents for each numerical grid cell of the computa-
tional domain. For the calculation of IC scattering, ad-
ditional information about the orientation of the sys-
tem with respect to the observer (in terms of inclina-
tion i and argument of periastron of the binary system
Φ) must be provided. Bremsstrahlung and neutral pion
decay give isotropically distributed radiation.
In a second step we use the resulting 3D distribution
of nonthermal photon emission per energy and volume
and the information of direction and distance to the
observer, in order to compute
1. 2D projection maps of the nonthermal emission
for a given energy interval and line of sight,
2. the SED of the various nonthermal emission
components integrated over the whole emission
region, and
3. the total integrated flux for various energy
bands.
Additionally, we consider effects of photon photon
opacity due to the dense radiation fields of the stars
in the CWB system. Details are given in Section 2.4.
Other possible absorption effects (e.g., via interaction
with the ISM) are, presently, not considered since they
also depend on the specific system.
In the following, we give a detailed account of how
we calculate the individual emission components and
derive their 2D projections, SEDs and integrated flux
values.
2.1. Inverse Compton Scattering
The computation of the emission by IC scattering
requires information on the high-energy electrons, as
well as on the radiation fields involved in the scattering
process. For consistency with paper I, we use the ap-
proximation of monochromatic radiation from point-
like stars. The differential target photon field of star j
can then be expressed as
dnph, j
dEph
(r, Eph, µ) = n0, j(r)δ(Eph − ET, j)δ(µ − µsc, j) (1)
where ET, j = 2.7kBT∗, j is the energy of a single photon
from star j with surface temperature T∗, j. The cosine
of the scattering angle µsc = cos θsc is determined via
the inner product of the unit vectors pointing from the
position of the cell at r toward the observer and toward
star j. n0, j(r) is the local photon number density at the
position of the cell r given by
n0, j(r) =
uph, j
ET, j
=
L∗, j
4pir2jcET, j
(2)
with r j the distance to the star and L∗, j its stellar lumi-
nosity.
The local differential number density of the scatter-
ing electrons is directly obtained from the output of
the simulations described in paper I. Differential num-
ber densities of target photons and high-energy elec-
trons enter into the expression for the IC photon pro-
duction rate dn˙ j(r,Eγ)dEγ at energy Eγ. The complete for-
mula in the context of CWB systems for the case of an
isotropic particle distribution is given by Reimer et al.
(2006). It involves integration over all target photon
energies, all target photon incoming directions µ and
all electron energies. By applying the approximations
of monochromacity and pointlike stars, only the inte-
gral over the energy of the electrons remains. Specific
care has to be taken in determining the lower integra-
tion limit which marks the lowest energy at which elec-
trons are liable to scatter photons to an energy Eγ with
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regard to the scattering angle µsc, j. The upper limit is
determined by the maximum energy of the electrons.
The integration is performed numerically.
The IC flux from a single cell with volume Vcell
reaching an observer along the line of sight at distance
dl (neglecting absorption effects) then is
dFIC
dEγ
(r, Eγ) =
Vcell
4pid2l
2∑
j=1
dn˙ j(r, Eγ)
dEγ
(3)
where the sum accounts for the contribution of both
stars. The integrated IC flux of the total emission re-
gion can be determined by a sum over all grid cells and
an integration over the photon energy Eγ.
2.2. Relativistic Bremsstrahlung
According to Blumenthal & Gould (1970), the
bremsstrahlung spectrum emitted by a single electron
of energy Ee passing through a medium containing
various species of ions with number densities ni is
dN˙γ
dEγ
(Ee) = c
∑
i
niZ2i
dσi
dEγ
(Ee) (4)
where the sum is over all elements relevant for the scat-
tering process.
The differential cross-section dσsdEγ is greatly simpli-
fied if we assume that all contributing species are fully
ionized. This is approximately true in the high temper-
ature plasma inside the WCR. With this assumption
(the case of “weak shielding”) the differential cross-
section can be expressed as
dσi
dEγ
(Ee) = αr20
4
3E
2
e − 43EeEγ + E2γ
EγE2e
φweak (5)
with
φweak =
4
[
ln
( 2Ee(Ee−Eγ)
Eγmec2
)
− 12
]
, for Eγ < Ee
4
[
ln(4Eγ) − 12
]
, for Eγ & Ee
(6)
We further make the assumption of only dealing with
hydrogen and helium (90% H, 10% He), allowing to
rewrite Equation (4) as
dN˙γ
dEγ
= c(0.9 × 12 + 0.1 × 22)nH dσdEγ (7)
where the number density nH of particles in the wind
plasma is obtained via nH =
ρ
mH
from the output of the
hydrodynamic simulations described in paper I. Com-
puting the emission for isotropically distributed elec-
trons ne(Ee) requires an integration over their energy
spectrum.
dn˙γ
dEγ
=
∫
dEe
dne
dEe
(Ee)
dN˙γ
dEγ
= 1.3cnH
∫
dEe
dne
dEe
(Ee)
dσ
dEγ
(8)
The integral is solved with the same numerical scheme
as discussed in Section 2.1. To obtain the resulting flux
emitted from a single computational cell at a distance
dL, we multiply by the cell volume Vcell and divide by
the respective spherical distance surface.
dFbrems
dEγ
=
Vcell
4pid2l
dn˙γ
dEγ
(9)
2.3. Neutral Pion Decay
In computing the γ-ray emission due to the decay
of neutral pions, we follow Kelner et al. (2006) who
use a δ-functional approximation for the cross-section
σpipp(Epi, Ep) with Ep being the total energy of the in-
cident proton (the other one is assumed to be at rest).
Epi is the energy of the produced pion. For a distribu-
tion of protons dnpdEp (Ep) the omnidirectional differential
neutral pion spectrum can then be expressed as
dnpi0
dEpi
(Epi) = cnHσpipp(mpc
2 +
Epi
Kpi
)
dnp
dEp
(mpc2 +
Epi
Kpi
)
(10)
where Kpi is the mean fraction of the kinetic energy
of the protons Ekin that is transferred to the secondary
neutral pions. According to Aharonian & Atoyan
(2000) the parameterization Kpi ≈ 0.17 yields results
of high accuracy in a broad region from GeV to TeV
energies. It can be applied down to the threshold
energy of neutral pion production. The total cross-
section σpipp(Ep) is approximated (following Kelner
et al. 2006) as
σpipp(Ep) = (34.3+1.88L+0.25L
2)
[
1−
(Eth
Ep
)4]2×10−31 m2
(11)
with L = ln(Ep/1TeV) and Eth = mp + 2mpi +m2pi/2mp.
Equation (10) allows to directly convert the proton
spectra (obtained as described in paper I) to the re-
sulting pion spectra. Via interpolation, dnpi0dEpi (Epi) can
be obtained for any given energy Epi. The omnidirec-
tional differential photon production rate can then be
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computed via the integral
dn˙
dEγ
(Eγ) = 2
∫ ∞
Eγ+
m2pic4
4Eγ
dEpi
dnpi0
dEpi
(Epi)√
E2pi − m2pic4
(12)
As in case of the bremsstrahlung component, the flux
reaching an observer at a distance dl then is
dFpi0decay
dEγ
=
Vcell
4pid2l
dn˙
dEγ
. (13)
2.4. Photon-Photon Opacity in the Stellar Radia-
tion Fields
Due to the intense stellar radiation field close to the
stars, the emitted nonthermal photon flux above ∼ 100
GeV may be attenuated significantly via the electron
pair production process
γ + γ′ → e+ + e−. (14)
This attenuation can be expressed as
dF
dEγ
(r, Eγ) −→ dFdEγ (r, Eγ) exp
(
− τγγ(r, Eγ)
)
(15)
with τγγ being the optical depth due to photon-photon
pair production. For each position within the emission
region, the computation of τγγ requires an integration
along the path ` toward the observer. The optical depth
is proportional to the cross-sectionσγγ as well as to the
differential photon number density dnphdEph (Eph, µ j) of the
stellar radiation field. The general expression can be
written as
τγγ(r, Eγ) =∫
d`
∫
dEph
∫
dµ
dnph
dEph
(x(`), Eph, µ)σγγ(Eph, Eγ, µ)(1 − µ)
(16)
where the integrals run along the path `, over the en-
ergy of the photons in the stellar radiation fields Eph,
and over the stellar surface described by the cosine of
the angle between the two interacting photons µ.
Analogous to the computation of the IC emission
in Section 2.1, we assume the stars to be pointlike and
their radiation field to be monochromatic. Thus, the
differential photon number density can be expressed
as in Equation (1) and
τγγ(r, Eγ) =∫
d`
stars∑
j
n0, j(x(`))σγγ(Eph, ET, j, µ j(x(`)))(1 − µ j(x(`)))
(17)
where µ j is the angle between the line of sight
(LOS) and the direction toward the star j. The integral
along path ` is solved numerically.
According to Gould & Schre´der (1967) the cross-
section of the process γ + γ′ → e+ + e− is
σγγ(ET , Eγ, µ) =
1
2
pir20(1−β2)
[
(3−β4) ln 1 + β
1 − β−2β(2−β
2)
]
(18)
with
β =
√
1 − s−1 and s = ETEγ
2m2ec4
(1 − µ) (19)
The threshold for photon photon absorption is at
ETEγ ≥ (mec2)2 (in the most favourable case of
µ = −1). For a star of temperature T = 3 · 104K,
opacity effects do occur for Eγ & 40 GeV.
In order to test the validity of the monochromatic
approximation, we also computed the absorption as-
suming a black-body spectrum for both stars. This re-
quires an additional integration over the energies of the
stellar photons. We approximate the spectrum by 20
energy bins (equally spaced on a logarithmic scale) in
the interval from 0.1 to 100 eV and integrate numeri-
cally. A comparison between the two cases is given in
Figure 1 where we show the optical depth τ for a sin-
gle computational cell as a function of Eγ for either the
WR star, the B star or both stars (a), as well as the im-
pact of the opacity effects on the SED emitted by a rep-
resentative fraction of the computational domain (b).
The monochromatic approximation is found to overes-
timate the optical depth near its maximum and under-
estimates it for lower and higher energies. However,
the differences found in the SED are sufficiently small
(see Figure 1 b)) to warrant the use of the monochro-
matic approximation, keeping in mind that it has sig-
nificantly lower computational cost, as the black-body
description of the radiation field (with 20 energy bins)
increases the overall computation time by a factor of
20.
3. RESULTS
In the following, we will investigate three differ-
ent binary systems with different stellar separations
regarding their wind plasma properties, their distribu-
tion of charged particles and their ensuing nonthermal
high-energy emission. The latter is explored using 2D
projection maps, SEDs and integrated flux values for
various energy bands. We also present the results for
an additional case including effects of orbital motion.
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Fig. 1.—: a) Optical depth τ from photon photon absorption for a single grid cell as a function of the energy of the
high-energy photon scattering with the mono-chromatic (solid) or black-body type (dashed) radiation field of the B
star (black), the WR star (gray) and both stars (red).
b) Photon spectra emitted by a significant fraction of the computational domain for IC scattering (black) and neutral
pion decay (red) for a viewing angle where opacity effects are maximal (i = 90◦, Φ = 0◦). The spectra have been
computing using mono-chromatic (solid) and black-body type (dashed) radiation fields. Stellar and orbital parameters
are the same as for case C in Section 3.
3.1. HD Model Parameters
To allow for quick comparison, we consider three
binary systems (Wolf–Rayet (WR) + B star) that differ
only in their stellar separation d for which we chose
720 (case A), 1440 (case B) and 2880 (case C) R.
All stellar and stellar wind parameters (listed in Table
1) are the same as in the parameter studies in Reimer
et al. (2006) and in paper I. The important parameter
η =
M˙Bv∞,B
M˙WRv∞,WR
which indicates the point of ram pres-
sure balance between the two stars has a value of 0.1
for the chosen parameters. In a first approach, we ne-
glect orbital motion and study the three systems in a
converged state after all traces of the initial conditions
have vanished. For all three cases we chose the identi-
cal computational domain in the shape of a cube with
side length 4000 R. The two stars are located on the x
axis. Figure 2 schematically depicts the computational
domain containing the two stars. It also shows the line
of centers and various arrows indicating the different
viewing angles in respect to which we investigate the
nonthermal high-energy emission of the system.
In Section 3.6 we repeat the analysis of case A, now
including effects of orbital motion. Again, the two
stars are located initially on the x axis and move on
a Keplerian orbit in the x–y plane.
Stellar and stellar-wind parameters
B WR unit
M∗ 30 30 M
R∗ 20 10 R
T∗ 23000 40000 K
L∗ 105 2.3 × 105 L
M˙ 10−6 10−5 M yr-1
v∞ 4000 4000 km s−1
Table 1:: Stellar and stellar-wind parameters of a typi-
cal binary system as considered in this work.
3.2. Properties of the Wind Plasma
As expected, the three different stellar separations
show considerable contrasts in terms of properties and
structure of the WCR. In Figure 3 we show density,
absolute velocity and temperature in the x-y plane at
z = 0 for cases A, B, and C.
Shape of WCR The thickness of the WCR at the
apex widens considerably with increasing stellar sep-
aration. Along the line of centers, its width is ∼100,
∼170 and ∼310 R for cases A, B, and C, respectively.
Analogously, the distance between the WCR and the
6
Fig. 2.—: Schematic view of the two stars within the computational domain. The line of centers is represented by
the horizontal dashed orange line. The various viewing angles (lines-of-sight) in respect to which the emission is
computed are indicated as well.
7
B star (which is generally closer because of η = 0.1)
increases. The star is located ∼140, ∼290 and ∼600 R
from the edge, and ∼190, ∼380 and ∼760 R from the
center of the WCR for cases A, B, and C. Positions and
curvatures of the WCR in all models agree well with
the analytical approximation by Stevens et al. (1992)
in which the distance of the apex of the WCR from the
B star is determined by dB =
√
η
1+
√
η
d and the curvature
of the downstream WCR is approximated by solving
the differential equation
dy
dx
=
(√
ηd2WR + d
2
B
)
y
√
ηd2WRx + d
2
B(x − d)
. (20)
The resulting curves are indicated in the second row
of Figure 3. Contrasting the effect of increasing WCR
thickness with increasing stellar separation, the open-
ing angle (or curvature) of the collision region signif-
icantly decreases. Among the three systems under in-
vestigation, case A has the narrowest WCR at the apex,
but the widest WCR close to the edge of the computa-
tional domain.
Density The maximum number density values within
the WCR are 33.1, 7.6 and 1.8 ×1013 m−3 for cases A,
B, and C. The approximate inverse proportionality to
d2 is understandable from the fact that, for a strong
shock, ρpostshock ∼ 4ρpreshock and ρpreshock = M˙4pir2vwind .
The density contrast of the unshocked winds mani-
fests itself in comparable contrasts within the WCR
where the side toward the WR star shows considerable
higher density values of the shocked wind plasma.
Temperature The maximum temperature reached at
the apex of the WCR shows only little variation. It is
2.14, 2.17 and 2.21 ×108 K for cases A, B, and C. In
contrast to that the temperature gradient is far more af-
fected by the change of stellar separation. The closer
the stars, the larger the drop in temperature with in-
creasing distance from the apex of the WCR. The mini-
mum temperature of the shocked wind plasma reached
at the edge of the computational domain varies accord-
ingly, with values of 6.9, 20.9, 61.7 ×106 K for cases
A, B, and C.
Absolute velocity In all three systems, the wind is
slowed down to near zero velocity at the apex. We ob-
serve a considerable difference concerning the size of
the region in which the velocity remains comparatively
low. The distance downstream from the apex at which
the shocked wind plasma is efficiently re-accelerated is
significantly shorter for the case of smallest stellar sep-
aration. Another notable difference is the maximum
velocity reached within the computational domain in
the unshocked wind outside the WCR. For case A, the
B wind close to the WCR at the edge of the domain
reaches values up to 5100 km s−1 in contrast to merely
4700 and 4300 km s−1 for case B and C. The reason for
these velocity values which lie all above the B wind’s
terminal velocity of v∞ =4000 km s−1 is the radiative
wind acceleration mechanism which allows additional
acceleration of the unshocked B star’s wind due to the
radiation of the WR star. The effect increases with in-
creasing proximity of the WR star, thus it is greatest
for case A.
Other properties The local magnetic field strength
and the energy density of radiation are two important
properties that critically determine the energy distribu-
tion of the particles accelerated at the shocks by in-
fluencing energy loss by synchrotron emission and IC
cooling. In estimating the magnetic field strength in
dependence of the distance of the stars we rely on the
approximations following Usov & Melrose (1992) (de-
tails also in paper I). The respective values at the center
of the WCR for cases A, B and C are ∼0.64 G, ∼0.16
G, and ∼0.04 G.
The energy density of radiation is proportional to the
luminosity of the stars and the inverse square of their
distance. Its values at the center of the WCR are ∼0.77,
∼0.19, and ∼0.05 J m−3 for cases A, B and C, respec-
tively.
3.3. High-Energy Particles
Along with the hydrodynamic variables of density,
velocity and temperature, we consider 200 advected
scalar fields containing the number densities of high-
energy electrons and protons at different energies ac-
celerated at the shock fronts of the WCR. A transport
equation for both electrons and protons in energy space
is solved after every hydrodynamical time step. The
injection rate of electrons and protons at the shock
front is treated proportional to the number density of
particles in the wind. An important free parameter is
the electron-proton injection ratio for which we chose
a typical value of 10−2 (for details, see paper I). Figure
4 depicts the spatial distribution of electrons and pro-
tons at two different energies for all three cases A, B,
and C.
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Fig. 3.—: HD quantities in the converged state for three different stellar separations. The plots show the x–y plane of
a 512 × 512 × 512 simulation at z=0. The WR star is located on the right-hand side of the WCR, and the B star is on
its left-hand side. The depicted quantities are particle density (first row) in log(m−3), temperature in log(K) (second
row), and absolute velocity in km s−1 (third row). In the second row, we also plot the analytical approximation for the
WRC position following by Stevens et al. (1992) (white solid line).
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Fig. 4.—: Differential number density of electrons (upper two rows) and protons (lower two rows) in MeV−1m−3 for
different values of kinetic particle energy and different stellar separations. The colour maps show the x–y plane of a
512×512×512 simulation at z=0.
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At energies of ∼10 MeV, electrons as well as pro-
tons reach higher densities for smaller stellar separa-
tion. This is due to the proportionality of the electron
and proton injection rate to the wind density. The most
important difference between the three cases lies in the
maximum energy attained by electrons. Whereas elec-
trons of 100 GeV are distributed throughout most of
the WCR for case C, they are confined to large stel-
lar distances for case B or even vanish completely
for case A. This has two reasons. For smaller stel-
lar separations, the winds collide long before reach-
ing their terminal velocity. This produces lower shock
velocities Vshock. As the diffusive shock acceleration
term depends on V2shock, the maximum attainable en-
ergies are significantly reduced for small stellar sepa-
rations. In addition, close proximity to the stars leads
to much higher energy densities of radiation and mag-
netic field. Together with higher wind plasma densi-
ties in the WCR, this greatly increases IC losses, syn-
chrotron losses and bremsstrahlung losses.
As protons are not affected by these loss terms, en-
ergies of ∼100 GeV are reached for all three cases.
However – mainly due to higher downstream veloci-
ties – they cannot efficiently propagate into the inner
downstream regions of the WCR for low stellar sepa-
rations. This leads to a notable drop in number density
of high-energy protons from the shock fronts toward
the inner WCR which is most notable for case A. For
case C, low downstream velocities allow the protons to
fill the WCR homogeneously.
3.4. The 3D Opacity Structure
We illustrate the spatial variation of the optical
depth due to photon photon absorption caused by the
radiation fields of the two stars in Figure 5 which de-
picts 3D illustrations of log10(τγγ) for an incident pho-
ton energy of ∼200 GeV. All four images represent
case B for different orientations of the binary system
relative to the observer as indicated in the figure. They
cover the entire computational domain.
Each point shows the total value of τ integrated
from the point itself along the line of sight toward the
observer. Thus, the region that lies precisely behind
a star with respect to the line of sight has a very high
opacity. Its emitted flux is reduced to very low levels
according to dFdE → dFdE e−τ.
Photon photon absorption is most effective if the
line of centers and the line of sight are aligned such
that the opacity contributions of both stars add up.
In Figure 5 b) we see that the high-τ region notably
widens at the x-position of the B star.
We find that the photon photon absorption in the
radiation field of the stars remains inefficient below
incident photon energies of ∼100 GeV. The value of
200 GeV – chosen for the illustration – is close to the
energy where absorption is at maximum for the given
binary system.
3.5. Photon Emission
Applying the formalism described in Section 2, we
can now compute 2D projection maps, SEDs and inte-
grated flux values of the nonthermal photon emission
of the three discussed binary systems. Here, we start
with the former of those.
3.5.1. 2D Projection Maps
Figure 6 illustrates how the integrated flux above
100 MeV from the individual nonthermal emis-
sion channels appears in the face-on configuration
(i =0◦,Φ =0◦) for an ideal observatory at 1 kpc dis-
tance with infinite angular resolution and without ab-
sorption in the ISM. Several features noted previously
in Sections 3.2 and 3.3 concerning the wind structure
and the high-energy particle distribution have an im-
pact on the resulting photon emission maps. The dom-
inant emission channel shifts from IC-scattering to
neutral pion decay as the stellar separation decreases.
This is because of the lack of high-energy electrons
when the WCR is close to the stars (case A).
Figures 7 to 9 provide further insight by illustrating
the 2D projection maps of the individual nonthermal
high-energy emission channels for different orienta-
tions of the system relative to the observer. The scaling
of the colour bars has been kept identical in order to al-
low quick comparison. The first and second rows show
a case where the line of centers and the line of sight are
aligned. Note the different sizes of the occultation re-
gion due to the stellar disk for i =90◦,Φ =0◦ (smaller
WR star in front of B star) and i =90◦,Φ =180◦ (larger
B star in front of WR star).
Studying the first and second row clearly reveals
the anisotropic character of the IC-component. Both
orientations look identical (except for the occultation
by the stellar disks) for photons from bremsstrahlung
(Figure 8) and neutral pion decay (Figure 9). This is
rather different for photons from IC-scattering where
the relative angle of stellar positions and line of sight
cause notable contrasts between the two orientations
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due to a different scattering angle (see first and second
row in Figure 7).
The general shape and extent of the emission re-
gion becomes especially clear in the projection for an
observer at i =45◦,Φ =45◦ as it is shown in the third
row of Figures 7 to 9.
One of the most striking features is the missing pho-
ton emission from IC scattering close to the apex of
case A, which is due to the lack of high-energy elec-
trons in that region. Again, the dominance of the IC-
component for case C in contrast to the dominance of
the pion decay component for case A becomes appar-
ent.
3.5.2. Spectral Energy Distribution
We calculate the SED by summation over all emit-
ting grid cells for a fixed energy throughout the com-
putational domain. This is shown for case A, B, and C
and various orientations in Figure 10 a), b) and c). Fig-
ure 10 d) explores the variation of the IC-component
for a single cell at the apex of the WCR for case B as a
function of orientation. It also discriminates between
the two components of IC-emission, one being due to
the scattering of electrons on the radiation field of the
B star (red dotted curves), the other due to scattering
on the radiation field of the WR star (dashed black).
Whereas the first one is maximal at (i =90◦,Φ =0◦)
and disappears at (i =90◦,Φ =180◦), the other behaves
in the exact opposite manner. This is due to the de-
pendence on the scattering angle θsc. For the case
(i =90◦,Φ =0◦) the scattering angle of photons from
the B star is 180◦ . The corresponding IC emission
from the apex of the WCR is therefore at its maximum.
For the photon field of the WR star the scattering an-
gle is zero and there is no emission from the apex via
IC scattering. The spectra of photons by neutral pion
decay and bremsstrahlung remain the same, as they do
not depend on the scattering angle. This last statement
excludes the effects of photon photon opacity which
is not taken into account in Figure 10 d). Studying
the spectra in Figure 10 (a) to (c) (for case A to C)
significant differences between small and large stellar
separation become apparent.
Case A shows a neutral pion component which
dominates the spectrum at E >100 MeV for all ori-
entations. The lack of high-energy electrons near the
apex of the WCR leads to an early cutoff of the IC-
component at ∼10 MeV, followed by a steady decline
where high-energy electrons in the wings of the WCR
contribute a low number of photons at higher ener-
gies. It is interesting to note that amongst the three de-
picted orientations, the IC flux is highest for (i = 90◦,
Φ = 180◦). The same can be seen in Figure 7 by com-
paring the first and second row for case A. Because
of the lack of high-energy electrons at the apex, it is
the wings of the WCR that mainly contribute to the IC
emission at energies >100 MeV. In these regions, the
scattering angle for the radiation field of the WR star
is much more favourable for (i = 90◦, Φ = 180◦) than
for (i = 90◦, Φ = 0◦), whereas the scattering angle for
the B-star is unfavourable for both. This is an effect
of the curvature of the WCR and the different distance
from the WCR to the stars. Figure 10 a) also shows
effects of photon photon opacity in the spectrum of the
neutral pion component which completely dominates
the emission at high energies. Owing to the denser ra-
diation field of the WR star, opacity effects are highest
for the orientation (i = 90◦, Φ = 0◦) in which emis-
sion from the apex has to pass by close to the star. The
higher temperature of the star also causes the onset of
photon photon absorption at lower energies than for
the orientation (i = 90◦, Φ = 180◦) for which high-
energy photons from the apex come close to the cooler
B star. Due to the gap between the pion-bump and
the cutoff of the IC spectrum, the total emitted photon
spectrum shows a pronounced dip at ∼50 MeV.
Case B is already quite different from case A. Due
to higher energies reached by the electrons, the cut-
off in the IC component occurs at higher photon en-
ergies, causing a broad overlap with the neutral pion
component. At the same time, lower plasma densities
in the WCR lead to a lower flux for the bremsstrahlung
and neutral pion component. The maximum energy of
photons by bremsstrahlung increases with the maxi-
mum electron energy. As some regions in the wings of
the WCR now produce sufficiently high electron ener-
gies, both, the IC and the bremsstrahlung component
reach up to ∼1 TeV. Effects of photon-photon opacity
become more pronounced for these components also.
Again, they are largest for the case (i = 90◦, Φ = 0◦)
where the emission from the WCR has to pass by the
luminous WR star.
For case C, a large population of high-energy
electrons leads to complete dominance of the IC-
component. Whereas lower plasma densities lead to
still lower flux values for the neutral pion and the
bremsstrahlung component, the latter along with the
IC component again reaches energies of up to 1 TeV.
As the IC flux also decreases with increasing stellar
12
Fig. 5.—: Photon-photon opacity log(τ) at ∼200 GeV integrated for each position along the line of sight through the
computational domain for different orientations. a) i =0◦, Φ =0◦, b) i =90◦, Φ =0◦, c) i =90◦, Φ =90◦, d) i =45◦,
Φ =45◦. The box size is 4000 × 4000 × 4000 R. A segment is cut out to allow a better view of the structure. The two
stars are indicated in red. The line of centers is indicated in orange and yellow, the line of sight in black and gray.
13
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
6.61818182
6.30505051
5.99191919
5.67878788
5.36565657
5.05252525
4.73939394
4.42626263
4.11313131
3.80000000
CASE A
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
CASE B
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
CASE C
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.005 arcsec
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.000 0.005 0.010 0.0150.000
0.005
0.010
0.015
7.52727273
7.00202020
6.47676768
5.95151515
5.42626263
4.90101010
4.37575758
3.85050505
3.32525253
2.80000000
0.000 0.005 0.010 0.0150.000
0.001
0.002
0.003
0.004
7.8 7.2 6.6 6.0 5.4 4.8 4.2 3.6 3.0
ph m−2 s−1
Fig. 6.—: Photon flux above 100 MeV at 1 kpc distance with face-on orientation i = 0◦, Φ = 0◦ for IC-emission (first
row), bremsstrahlung (second row) and neutral pion decay (third row).
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Fig. 7.—: Photon flux above 100 MeV at 1 kpc distance for IC-emission with different orientations. first row: i =90◦,
Φ =0◦ (edge-on, along line of centers), second row: i =90◦, Φ =180◦ (edge-on, along line of centers, opposite of
second row), third row: i =45◦, Φ =45◦. The spatial dimensions are the same as in Figure 6.
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Fig. 8.—: Same as Figure 7 for bremsstrahlung.
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Fig. 9.—: Same as Figure 7 for for neutral pion decay.
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Fig. 10.—: a), b), c) Photon spectra emitted by all particles in the whole computational domain of cases A to C for IC
scattering (black), bremsstrahlung (gray) and neutral pion decay (red) with i =0◦ (solid), i = 90◦, Φ = 0◦ (dashed) and
i = 90◦, Φ = 180◦ (dotted). The sum of all three components (for i = 90◦, Φ = 180◦) is indicated in shaded gray.
d) Photon spectra emitted by one single cell at the apex of case B. The black dashed lines show the IC flux from
scattering in the radiation field of the WR star for an orientation of (i = 90◦, Φ = 180◦), (i = 45◦, Φ = 180◦), (i = 0◦,
Φ = 0◦), (i = 45◦, Φ = 0◦) and (i = 80◦, Φ = 0◦) in order of decreasing flux. The red dotted lines show the IC flux
from scattering in the radiation field of the B star for an orientation of (i = 90◦, Φ = 0◦), (i = 45◦, Φ = 0◦), (i = 0◦,
Φ = 0◦), (i = 45◦, Φ = 180◦) and (i = 80◦, Φ = 180◦) in order of decreasing flux. The photon flux from neutral pion
decay and bremsstrahlung is represented by the dash-dotted and double-dot-dashed line.
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distance (and thus decreasing energy density of radi-
ation), it shows lower flux values with respect to case
B below ∼1 GeV. For higher energies, flux values un-
precedented for lower stellar separations are reached.
Effects of photon-photon opacity are visible for all
three emission components. For the same reasons
as above, they are strongest for (i = 90◦, Φ = 0◦).
Note that the IC component is now maximal for the
case (i = 90◦, Φ = 0◦) which can be understood by
the increased density of high-energy electrons at the
apex where the radiation field of the B star dominates.
The latter has most favourable scattering angles for
(i = 90◦, Φ = 180◦) . Because of the effects of pho-
ton photon opacity, the face-on orientation shows the
highest resulting IC flux at E>100 GeV.
Comparing all three cases, we find that (for an
electron-proton injection ratio of 10−2) growing stellar
separation leads to a transition from hadron-dominated
emission (neutral pion decay) to lepton-dominated
emission (IC) at energies E>100 MeV. The latter is
inhibited for close stellar separations because of a lack
of high-energy electrons at the apex of the WCR. As
an additional effect, different viewing angles produce
significant variation in the IC emission spectra. These
dependencies on stellar separation and viewing angle
can be quantified using integrated flux values for vari-
ous energy bands.
3.5.3. Integrated Fluxes
By integrating over energy and space, we obtain the
total emitted flux, which we computed for three energy
intervals. Table 2 provides flux values for three differ-
ent orientations for case A, B, and C. The main char-
acteristics in this table will be further discussed below.
The flux above 10 GeV As suggested by the spectral
shapes discussed in the previous section, the dominant
radiation process at E > 10 GeV changes with stellar
separation. From Table 2 one can assess that, roughly,
the total IC and bremsstrahlung fluxes increase by ∼
3 orders of magnitude from case A to C, whereas the
neutral pion component decreases on a much smaller
scale. Only for case C, the IC-component dominates
over the neutral pion component. Studying effects
of changing orientation, we find that the variations in
the bremsstrahlung and neutral pion component due to
changing magnitude of photon photon opacity are very
low. For the IC component, its anisotropic nature as
well as the larger effect of absorption cause flux varia-
tions due to the orientation of the system of a factor of
3 for case A and lower factors for cases B and C.
The flux above 100 MeV Including also lower en-
ergies down to 100 MeV, we find that growing stellar
separation has the opposite effect than for the previ-
ous case. For E>10 GeV, higher maximum energies
for electrons for large stellar separation led to an in-
crease of the IC and bremsstrahlung photon flux with
increasing stellar separation. At lower energies, higher
plasma densities in the WCR, along with denser ra-
diation fields for smaller stellar separations, reverse
this order and cause IC and bremsstrahlung photon
fluxes to decrease with increasing stellar separation.
For E>100 MeV this transition is only partly realised,
as we still find an increase in flux from case A to B for
the IC component. However, all components decrease
in their average flux from case B to C. There is no such
reversal of proportionality for the neutral pion compo-
nent. We also find that the IC component is now dom-
inant for cases B and C, albeit for some orientations of
case B that are least favourable for IC emission, it is
just a factor of 1.2 above the neutral pion component.
For case A, the latter still dominates all possible orien-
tations. Variations due to changes in the viewing angle
cause differences of a factor of ∼8 in the IC flux com-
ponent for case A with a smaller contrast for cases B
and C.
The flux above 1 keV Including still lower energies,
all components now show the identical trend that in-
creasing stellar separation causes decreasing flux val-
ues. Furthermore, the IC component dominates for all
three cases. The total flux of the neutral pion compo-
nent is even below the total flux of the bremsstrahlung
component. This can be understood in terms of the
lack of photons from pion decay below a few MeV
due to the shape of the pion bump. Effects of varying
orientation are still lower (factor ∼2) . However the
previously observed order of larger fluxes for orienta-
tion (i =90◦,Φ =180◦) than (i =90◦,Φ =0◦) in case A
and the opposite trend in case C remains in place.
3.6. Effects of Orbital Motion
We finally address the impact of circular orbital mo-
tion and the ensuing deformation of the WCR. As the
effects increase with orbital velocity, we choose the
case of smallest stellar separation (case A) and let it
evolve until the WCR adjusts to the new situation and
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there is no further change in its curvature. We analyse
the system after 1.5 orbits when the stars are once more
on the x axis. For the given stellar masses and a dis-
tance of 720 R, a Keplerian orbit has a period of ∼290
days. The orbital velocity of the stars is ∼263 km s−1.
With orbital motion, the two arms of the WCR (hence-
forth forward arm and trailing arm) develop consider-
able differences.
Figure 11 shows density, temperature and velocity,
as well as particle distributions for different energies
on the x–y plane (the stars move counter-clockwise).
Concerning the hydrodynamic wind variables, the
main difference to the stationary case (see Figure 3)
lies not in minimal and maximal values but in the now
asymmetric shape of the WCR. In paper I, we found
that the significant contrasts in the particle distribution
between forward and trailing arm are mainly due to the
different angle between the stars and the edge of the
WCR, resulting in different shock velocities and (as
E˙DSA ∝ V2Shock) in different maximum particle ener-
gies. For the present case, the ensuing reduction of the
DSA rate in the trailing arm of the shock front toward
the B star results in a lack of electrons already at 1 GeV
(see center plot of Figure 11). In the forward arm, the
opposite effect occurs. As wind velocity components
are slightly higher close to the edge of the computa-
tional domain in the forward arm, an increased DSA
rate can accelerate electrons to energies up to 100 GeV.
(Note the thin shaded area at ∼-6 log(MeV−1m−3) in
the center right plot of Figure 11.) There, electrons
reach higher energies than in the case where orbital
motion is not taken into account. Although we also
find a certain degree of asymmetry for protons, the
effects of orbital motion are less severe.
Figure 12 shows the resulting projected photon
emission maps for different orientations with respect
to the observer. To simplify comparison of the case
including orbital motion with the stationary case, we
compensate the reversed order of the stars along the x
axis by a redefinition of the angle Φ: Φ′ = Φ + 180◦
and use the same representation of projection maps as
discussed previously for Φ′.
For all three components the face-on orientation
(first row) shows considerable asymmetry due to the
lack of high-energy particles in the trailing arm of the
shock front toward the B star. This produces the ap-
parent lack of emission in the upper left section of the
plots. In contrast, a wealth of particles in the trail-
ing arm of the shock front toward the WR star pro-
duces significant emission that even dominates the en-
tire emission region for the IC component.
In the case of alignment of the line of centers and
the line of sight (second and third row), the differences
of trailing and forward arm manifest themselves most
strikingly for the IC component. The circular feature
bordering the low-emission center region (most promi-
nent for i =90◦, Φ′ =180◦, third row) is caused by the
emission of the forward arm toward the B star touching
the edge of the computational domain. If seen from the
opposite direction (second row), it is highly suppressed
because of an unfavourable scattering angle. The lack
of emission next to this feature is due to the low num-
ber of high-energy electrons in the forward arm to-
wards the WR star. This becomes also apparent in
the corresponding plots for bremsstrahlung and neutral
pion decay. For the same reasons as in the stationary
case, we find that the configuration (i =90◦,Φ′ =180◦)
exhibits considerably higher flux for the IC component
than the configuration (i =90◦, Φ′ =0◦).
A comparison of the spectra with and without or-
bital motion is shown in Figure 13. We find a de-
crease in flux for the neutral pion decay and the
bremsstrahlung component. Concerning the IC com-
ponent we find a new spectral feature emerging at
∼100 MeV that persists for all three depicted orienta-
tions. We interpret this as the influence of the forward
arm toward the B star. There, a population of electrons
reaching up to 100 GeV is still sufficiently close to the
stars in order to exhibit favourable conditions for IC
emission. To a lesser degree, the same region also in-
fluences the bremsstrahlung component which shows
a similar feature at >1 GeV. The above shows that or-
bital motion has considerable impact on the resulting
non-thermal high-energy emission.
4. DISCUSSION
We have computed different components of non-
thermal high-energy photon emission in colliding wind
binaries – for the first time on the basis of a 3D distri-
bution of high-energy particles that was obtained by
hydrodynamic simulations and the simultaneous solu-
tion of the transport equation. Our approach includes
the radiative acceleration of the stellar winds, radiative
cooling in the hot shocked gas, diffusive shock accel-
eration at the shock fronts bordering the WCR and var-
ious energy loss mechanisms affecting the high-energy
particles. The resulting nonthermal high-energy pho-
ton emission has been explored in terms of 2D projec-
tion maps, SEDs as well as integrated flux predictions
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Fig. 11.—: First row: HD quantities particle density, temperature and absolute velocity for case A with orbital motion.
Second row: Differential number density of electrons for three different values of kinetic particle energy. Third row:
the same for protons. The plots show the x–y plane of a 256 × 256 × 256 simulation at z=0.
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Integrated flux for various energy bands
(i,Φ) F>10GeVIC F
>10GeV
br F
>10GeV
pi0
F>100MeVIC F
>100MeV
br F
>100MeV
pi0
F>1keVIC F
>1keV
br F
>1keV
pi0
Case A
(0◦, 0◦) 3.2 1.4 3.8 33 3.1 3.4 6.2 6.5 5.2
(90◦, 0◦) 1.4 1.4 3.7 6.3 3.1 3.4 4.1 6.5 5.2
(90◦, 180◦) 4.6 1.4 3.9 49 3.1 3.4 8.2 6.5 5.2
×10−5 ×10−7 ×10−2 ×10−2 ×10−2 ×103 ×101
Case B
(0◦, 0◦) 18 8.4 1.9 2.7 2.9 1.5 3.0 2.5 2.3
(90◦, 0◦) 9.8 8.4 1.8 1.8 2.9 1.5 2.5 2.5 2.3
(90◦, 180◦) 24 8.5 1.9 3.6 2.9 1.5 3.6 2.5 2.3
×10−4 ×10−6 ×10−2 ×10−2 ×103 ×101
Case C
(0◦, 0◦) 2.4 6.3 5.5 2.0 1.1 4.4 8.9 6.8 6.6
(90◦, 0◦) 2.5 6.3 5.4 2.2 1.1 4.4 9.8 6.8 6.6
(90◦, 180◦) 2.2 6.4 5.5 1.9 1.1 4.4 8.7 6.8 6.6
×10−2 ×10−5 ×10−3 ×10−2 ×10−1 ×102 ×10−1
Table 2:: Integrated flux values in units of m−2s−1 as obtained for the chosen electron-proton injection ratio of 10−2
for three different stellar separations (case A, B, C), as well as three different viewing angles.
of nonthermal photon emission components based on
3D distributions of high-energy particles in colliding
wind binary systems.
In computing the anisotropic IC-component of the
photon emission we take into account the dependence
on the scattering angle, as well as the radiation fields
of both stars of the binary system. Bremsstrahlung
and neutral pion decay components of the photon flux
are computed using local wind plasma densities and
the present distribution of electrons and protons. The
effect of photon photon opacity in the dense radia-
tion fields of the stars has been taken into account
for all three nonthermal photon emission mechanisms.
Studying three cases of varying stellar separation, we
find significant differences in terms of total flux value
and also in the identity of the dominant emission com-
ponent. We showed that low stellar separations (720
R for the studied WR-B system, case A) inhibits the
acceleration of high-energy electrons at the apex of
the WCR due to strong IC and synchrotron losses.
This produces an early cutoff in the photon flux ensu-
ing from IC-scattering and bremsstrahlung. Although
denser radiation fields and higher plasma densities
cause higher photon flux values at lower energies, this
early cutoff leads to dominance of the hadronic neu-
tral pion decay component at energies E &100 GeV
for the chosen electron-proton injection ratio of 10−2.
In contrast to that, large stellar separations lead to a
dominance of the IC component throughout the stud-
ied energy range. As the magnetic and radiation en-
ergy density at the WCR are low, the electrons – and
also the ensuing photon fluxes – reach higher ener-
gies. Both, IC and bremsstrahlung components reach
up to ∼1 TeV if we increase stellar separation by a
factor of four (case C). Lower wind plasma densities
in the WCR further diminish the significance of the
neutral pion decay component. We find that increas-
ing the stellar separation by a factor of four results
in an increase of ∼ 3 orders of magnitude in the IC
and bremsstrahlung components of the photon flux at
energies E>10 GeV, whereas the neutral pion decay
component decreases by about an order of magnitude.
For lower energies the importance of high-energy elec-
trons diminishes. Accordingly, the total flux for E>1
keV decreases for all three flux components if we in-
crease stellar separation by a factor of four.
The strong dependence on stellar separation sug-
gests that γ-ray binaries are liable to show a significant
variation in their spectra in course of an elliptical or-
bit with high eccentricity. Spectra can exhibit multiple
emission components (as in Figure 10 a)) for low sep-
arations (i.e. during periastron), contrasted by longer
periods of one-component spectra (as in Figure 10 c))
for larger stellar separations. We note that a situation
resembling this trend of two apparently distinct emis-
sion components has already been observed for the pe-
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Fig. 12.—: Projected photon flux above 100 MeV at 1 kpc distance for IC-emission (first column), bremsstrahlung
(second column) and neutral pion decay (third column) for case A including orbital motion after 1.5 orbits. The
rows represent different orientations. First row: i = 0◦, Φ′ = 0◦ (face-on); second row: i =90◦, Φ′=0◦ (along–line
of–center); third row: i =90◦, Φ′ =180◦ (along line of centers, opposite to second row).
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culiar case of η Carinae (see Abdo et al. 2010; Farnier
et al. 2011). However, this can also be understood in
terms of γ-ray absorption due to the presence a hot X-
ray gas (see Reitberger et al. 2012). The application
of our numerical model to other specific candidates for
particle-acceleration CWB systems (see catalogue of
De Becker & Raucq 2013) will provide predictions for
the nonthermal high-energy flux that can then be re-
lated to detections and upper limits from observations.
Varying the orientation of the binary system by
changing the viewing angles i and Φ, we find a strong
dependence of the IC flux component. Photons from
bremsstrahlung and neutral pion decay are influenced
only indirectly via the changing conditions for photon
photon opacity which affect all components at high en-
ergies alike. This effect remains small compared to the
variation of the IC component due to its dependence
on the scattering angle. Since we consider the radi-
ation field of both stars, the IC component does not
vanish as the flux from one population of target pho-
tons is maximal when the other is minimal. However,
since the two radiation fields differ in intensity depend-
ing on distance and identity of the star, there remains a
significant level of variation. It is largest for the case of
small stellar separation where the B star is very close
to the WCR. Here, the IC-flux above 100 MeV varies a
factor of 8 between the two extreme cases of (i = 90◦,
Φ = 0◦) and (i = 90◦, Φ = 180◦). Although this depen-
dence is small for the cases we investigated, it becomes
significantly stronger if we have a binary system with
greater differences concerning the two stellar radiation
fields and the ram pressure of the winds. The IC contri-
bution to the γ-ray flux will differ by several orders of
magnitude in course of an orbital cycle if the thermal
photon density of one stellar component is dominant
and the orbital inclination is close to the edge-on case
of i ∼ 90◦.
The effects of photon photon opacity in the radia-
tion field of the star are restricted to incident photons
with E & 100 GeV. Given their low prominence in case
of low stellar separation, there is no noticeable impact.
However, for larger stellar separation, the absorption
leaves a clear signature in the spectral components of
IC scattering and bremsstrahlung.
Studying the impact of orbital motion for the case
of smaller stellar separation, we find a number of ef-
fects that are all significantly less severe than the ones
obtained for varying the stellar separation by a factor
of two. The distortion of the WCR leads to regions of
altered wind velocity normal to the shock and, thus, to
notable changes in the DSA acceleration rate. Whereas
IC emission is greatly reduced in the trailing arm to-
ward the B star (and also in the forward arm toward
the WR star), we find regions of higher maximum en-
ergies for electrons (than in the case without orbital
motion) in the side of the forward arm toward the B
star. In terms of SEDs, this leads to an additional bump
in the IC component. The changes due to orbital mo-
tion are less pronounced for the bremsstrahlung and
neutral pion decay components.
5. OUTLOOK
The presented numerical model can be used to
study the high-energy nonthermal flux of specific
particle-accelerating CWB systems as a function of
time. Possible variations in course of the orbit can
be quantitatively assessed and favourable observation
periods can be predicted. Compared to observational
γ-ray data (e.g. from the Fermi-LAT instrument), our
simulation aims for constraining and refinement of
poorly known parameters, such as as the injection frac-
tion of electrons and protons at the shock of the wind
collision region. Dependencies on other parameters,
such as the magnetic field and the diffusion coefficient,
can be studied as well.
The consequent next step will be the application of
our simulation procedure to archetypal nonthermal bi-
nary systems. We will confront hardly understood dis-
crepancies between existing flux predictions from an-
alytical models with the present absence of detections
of particular enigmatic systems in the Fermi-LAT data
like e.g. WR104 or η Carinae.
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